Differential Regulation of the HIV-1 LTR by Specific NF-κB Subunits in HSV-1-Infected Cells  by Schafer, Susan L. et al.
VIROLOGY 224, 214–223 (1996)
ARTICLE NO. 0523
Differential Regulation of the HIV-1 LTR by Specific NF-kB Subunits in HSV-1-Infected Cells
SUSAN L. SCHAFER,* JOHN HISCOTT,† and PAULA M. PITHA*,‡,1
*Oncology Center and ‡Department of Molecular Biology and Genetics, The Johns Hopkins University School of Medicine, Baltimore, Maryland
21231; and †Department of Microbiology and Immunology, McGill University, Montreal, Quebec, H3T 1E2 Canada
Received March 4, 1996; accepted August 1, 1996
Previous studies have shown that expression of HIV-1 provirus was enhanced in cells co-infected with the herpes virus
and that HSV-1-mediated induction of the HIV-1 provirus expression involved both NF-kB-dependent and NF-kB-independent
mechanisms. Nuclear NF-kB complexes could be detected approximately 8 hr after HSV-1 infection. Using NF-kB-specific
antibodies in a mobility shift assay, we have found that HSV-1 increases binding of p50, p65, and c-rel to the HIV-1 NF-kB
probe in both Jurkat T cells and NIH/3T3 cells. HSV-1 infection also increases transiently the levels of p50 mRNA but an
increase in the level of p65 mRNA was not detected. Furthermore, HSV-1 infection induces a rapid degradation of the IkBa
protein. Transfection of HIV-1 LTR CAT into cell lines which overexpressed individual NF-kB proteins showed the highest
constitutive expression of CAT activity in cells overexpressing p65. Infection with HSV-1 further enhanced the expression
of HIV-1 LTR CAT in cell lines producing p52, p100, and c-rel. In contrast, HSV-1 did not significantly enhance the expression
of HIV-1 LTR CAT in cell lines overexpressing p105 and IkBg. In the transient expression assay the p65/c-rel heterodimer
was the most effective inducer of the HIV-1 LTR expression. Thus it appears that p65 plays a limited role in the NF-kB-
dependent activation of the HIV-1 LTR following HSV-1 infection and that the stimulation is mediated by the p50/p65 and
p65/c-rel heterodimers. Thus the magnitude of HIV-1 provirus induction depends on the relative levels of NF-kB subunits
present in the infected cells. q 1996 Academic Press, Inc.
INTRODUCTION coded transactivator ICP0 and by the HLP-1 protein
which binds to the LBP-1 element in HIV-1 LTR (Vlach
Replication of human immunodeficiency virus type 1
and Pitha, 1992, 1993). HSV-1 infection also stimulates
(HIV-1) provirus depends on the presence of virus-en-
the binding of the nuclear NF-kB-specific proteins to HIV-
coded transactivator Tat; however, extracellular factors
1 LTR, and the transcriptional activation of HIV-1 LTR
such as antigens, lymphokines, and cytokines, and viral
is impaired by mutations in the NF-kB enhancer which
transactivators encoded by unrelated viruses, can also
prevent NF-kB-specific binding. However, subunits par-
stimulate transcription of HIV-1 provirus. We and others
ticipating in the formation of the NF-kB-specific com-
have shown that herpes simplex virus type 1 (HSV-1)
plexes in nuclei of HSV-1-infected cells have not been
infection not only stimulates the transcriptional activity
identified (Vlach and Pitha 1992, 1993).
of HIV-1 long terminal repeat (LTR), but also activates
The NF-kB transcriptional factors are related to proto-
the expression of an integrated HIV-1 provirus (Margolis
oncogene c-Rel (Brownwell et al., 1989; Ghosh et al.,
et al., 1993; Golden et al., 1992; Vlach and Pitha, 1993;
1990; Kieran et al., 1990). Members of this family shareMosca et al., 1987a,b). Furthermore, HSV-1-mediated ac-
a homology in the N-terminal 300-amino-acid region (reltivation of the transcription of HIV-1 provirus is indepen-
homology domain) with the proto-oncogene c-rel (Gil-dent of the presence of the Tat protein; however, synthe-
more, 1990) and can be divided into two groups. The firstsis of the viral proteins and the production of virions are
group includes RelA (p65), c-rel, RelB, and Drosophilaimpaired in the absence of Tat (Popik and Pitha, 1994).
morphogen dorsal. These proteins have the transcriptionFor the transcriptional activation of HIV-1 provirus, a full
transactivation domain in the carboxy-terminal part of thecycle of HSV-1 replication is not essential and the expres-
molecule (Bull et al., 1990; Richardson and Gilmore,sion of HSV-1-encoded immediate-early (IE) genes is suf-
1991). The second group includes NF-kB1 (p105) andficient to stimulate HIV-1 replication. The transcriptional
NF-kB2 (p100), whose carboxy-terminal domains containactivation of HIV-1 LTR can occur by both NF-kB-depen-
multiple ankyrin repeats. These proteins do not bind DNAdent and NF-kB-independent mechanisms. The NF-kB-
and are localized in the cytoplasm. However, proteolyticindependent activation is mediated by the HSV-1-en-
cleavage of the ankyrin repeats results in the formation
of active DNA binding subunits NF-kB1 (p50) and NF-kB2
1 To whom correspondence and reprint requests should be ad-
(p52) (Blank et al., 1991; Henkel et al., 1992; Matthews etdressed at Oncology Center, The Johns Hopkins University, 418 N.
al., 1993; Mercurio et al., 1993; Rice et al., 1992; Schein-Bond Street, Baltimore, MD 21231-1001. Fax: (410) 955-0840. E-mail:
parowe@welchlink.welch.jhu.edu. man et al., 1993). The different NF-kB subunits associate
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to form homo- and heterodimers which can then interact the NF-kB proteins were grown in Dulbecco’s Eagle’s
medium and were described recently (Bitar et al., 1995).with the NF-kB binding site present in the promoter re-
gion of a large number of genes such as those encoding In the transfection assays (1 1 106 cells/plate) subcon-
fluent NIH/3T3 NF-kB cells were transfected with 10 mgproteins participating in immune and inflammatory re-
sponses and transcriptional regulation of viral genes, of a reporter plasmid chloramphenicol acetyltransferase
(CAT) using the calcium phosphate coprecipitationincluding the herpes virus and HIV-1 (Sambucetti et al.,
1989; Inoue et al., 1991; Urban and Baeuerle, 1991; Han- method (Mosca et al., 1987b). Jurkat cells (1 1 107 cells)
were transfected by electroporation. Both types of cellssen et al., 1992; Kunsch et al., 1992). In cells, the activity
of Rel–NF-kB complexes is regulated by their interaction were infected with HSV-1 (m.o.i.  3) at 24 hr post-
transfection and harvested 16 hr postinfection. Proteinwith different inhibitory proteins named IkB (IkBa, b, and
g) (Thompson et al., 1995; Inoue et al., 1992; Kerr et al., extracts were obtained by the freeze–thaw method, and
CAT assays were performed as described previously (Raj1992; Haskill et al., 1991). These NF-kB –IkB complexes
are present in the cytoplasm in an inactive form, due to et al., 1991). Each transfection was repeated at least
three times.the ankyrin repeats of the IkB molecule which mask the
nuclear translocation signals of the NF-kB proteins (Beg
et al., 1993; Henkel et al., 1992; Kerr et al., 1992; Liou et Recombinant plasmids
al., 1992, 1993; Rice et al., 1992). Dissociation of IkB
The plasmid containing HIV-1 LTR CAT has been de-from the NF-kB subunits, induced by extracellular stimuli,
scribed previously (Rosen et al., 1985). Plasmids overex-involves phosphorylation of IkB proteins, their degrada-
pressing the NF-kB proteins under control of the cyto-tion, and the consequent translocation of the NF-kB ho-
megalovirus promoter were described recently (Garou-modimers or heterodimers to the nucleus (Baeuerle and
falis et al., 1994).Baltimore, 1988; Zabel and Baeuerle, 1990; Naumann and
Scheidereit, 1994; Nolan et al., 1993; Ghosh and Balti-
Electrophorectic mobility shift analysismore, 1990). In addition, the regulation of NF-kB activity
involves an autoregulatory loop in which p65- and c-rel- Transfected cells infected with HSV-1 (m.o.i.  3) were
containing complexes induce expression of IkBa and collected at various times postinfection and nuclear ex-
restore down-regulation of nuclear NF-kB activity (Brown tracts were prepared as described (Vlach and Pitha,
et al., 1993; Sun et al., 1993). 1992). Two to five micrograms of nuclear extracts were
The goal of this study was to identify the NF-kB-spe- preincubated with poly(dI–dC) (1 mg) for 10 min on ice
cific proteins that are activated in HSV-1-infected cells in a total volume of 20 ml of binding buffer (12 mM Tris–
and participate in the stimulation of HIV-1 transcription HCl, pH 8.0, 2 mM MgCl2 , 0.12 mM EDTA, pH 8.0, 7%
as well as to delineate the mechanisms by which HSV- glycerol, 0.6 mM DTT). The extracts were then incubated
1 infection stimulates the NF-kB system. We have shown with 50,000 cpm 32P-labeled probe corresponding to the
that HSV-1 infection leads to formation of nuclear NF- HIV-1 LTR NF-kB sites (5*TCAAGGGACTTTCCGCTG-
kB-specific complexes containing p50, p52, p65, and c- GGGACTTTCCCTCTCCTT3*) for 15 min at room tempera-
rel. We have further shown that overexpression of p52, ture. Protein–DNA complexes were resolved using elec-
p100, and p65 alone can up-regulate HIV-1 LTR expres- tromobility shift analysis (Vlach and Pitha, 1992). The indi-
sion which can then be further enhanced by HSV-1 infec- vidual NF-kB-specific proteins present in the DNA –
tion, while overexpression of p105 and IkB suppressed protein complexes were identified by using polyclonal,
HSV-1 stimulation compared to the control. In the tran- subunit-specific antisera against p50, p52, p65, and c-
sient expression assay the p65/c-rel heterodimer is the rel in the mobility shift assay. In this assay, antisera (1
most effective inducer of the HIV-1 LTR. Furthermore, ml) were incubated with the nuclear extracts for 1 hr at
HSV-1 infection leads to an increase of the relative levels room temperature prior to the addition of the radiolabeled
of p50 mRNA and degradation of IkBa protein. These probe.
results indicate that HSV-1 uses multiple mechanisms
to activate nuclear NF-kB activity and that the HSV-1- Northern analysis of kB mRNAs in HSV-1-infected
stimulated NF-kB activity and consequent up-regulation cells
of HIV-1 provirus expression may depend on the relative
levels of endogenous NF-kB proteins. Total RNA was isolated from HSV-1-infected Jurkat
cells at different times postinfection as described (Raj
and Pitha, 1981). Fifteen micrograms of RNA was dena-MATERIALS AND METHODS
tured and size separated by electrophoresis on agarose,
Cell cultures and transfections
and NF-kB-specific mRNA was detected by Northern hy-
bridization with p50- or p65-specific 32P-labeled DNAJurkat cells were grown in RPMI 1640 medium (Life
Technology) supplemented with 10% calf serum, gluta- probes. Hybridization with the g-actin riboprobe was
used as a control to measure the levels of RNA on themine, and antibiotics. The NIH/3T3 cells overexpressing
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filters. The relative levels of p50 or p65 were quantitated HSV-1 increases relative levels of p50 mRNA in
Jurkat cells and induces degradation of IkBaby phosphorimager using g-actin as a standard.
Next, we analyzed whether the increase in p50 (NF-Western blot analysis of IkBa protein levels
kB1) and p65 (RelA) binding in HSV-1-infected cells is a
result of the transcriptional activation of these genes.Jurkat cells were infected with HSV-1 and at the indi-
Jurkat cells were infected with HSV-1 and total cellularcated postinfection times cells were collected and lysed.
RNA was isolated at 4, 8, and 16 hr postinfection andCellular proteins were separated by SDS–PAGE and
analyzed by Northern hybridization with p50- and p65-transferred to nitrocellulose membranes, and NF-kB-spe-
specific probes (Fig. 2). An increase in the relative levelcific proteins were detected with IkBa antiserum using
of p50 mRNA was observed in HSV-1-infected cells butthe ECL detection system (Amersham).
there was no change in the relative level of p65 mRNA.
These results indicate that, in Jurkat cells, HSV-1 stimu-RESULTS
lates preferentially the transcription of the p50 gene.
NF-kB-specific complexes are induced in HSV-1- A number of stimuli activating NF-kB cause a rapid
infected cells phosphorylation and degradation of IkBa (Beg and Bald-
win, 1993; Beg et al., 1993; Ghosh and Baltimore, 1990;To analyze the specific subunits present in the NF-
Sun et al., 1993), which is followed by the translocation
kB–DNA protein complexes in HSV-1-infected cells, Jur-
of p50/p65 dimers to the nucleus. To determine whetherkat cells were infected with HSV-1 and at 4, 8, and 16 hr
the increase in the levels of the nuclear NF-kB com-postinfection, cells were collected and cytoplasmic and
plexes in the HSV-1-infected cells is a result of a degra-nuclear extracts prepared. The presence of the NF-kB
dation of IkBa, we analyzed the levels of IkBa protein incomplexes was determined by mobility shift analysis,
HSV-1-infected Jurkat cells at different times postinfec-and the individual NF-kB proteins present in the DNA –
tion (Fig. 3). Results of Western hybridization with IkBa-protein complexes were identified by using antibodies
specific antibodies demonstrated an increase in the rela-specific for the individual kB proteins. The formation of
tive levels of IkBa at 1 hr postinfection and then a gradualNF-kB-specific complexes in the nucleus could first be
decrease in the IkBa levels up to 8 hr postinfection whendetected at 8 hr and their levels further increased at 16 hr
IkBa could no longer be detected. Thus, the degradationpostinfection. Antibody supershift analysis with extracts
of IkBa in HSV-1-infected cells parallels the activation ofcollected at 8 (data not shown) and 16 hr postinfection
NF-kB (compare Fig. 1) and resembles that seen in cellsindicated the presence of c-rel, p50, and p52 in these
infected with Sendai virus (Garoufalis et al., 1994).complexes. (Note that antibodies to the internal peptide
of c-rel but not to the C-terminal end of c-rel were able Contribution of individual NF-kB proteins to the
to supershift the protein extract (Fig. 1., lanes 3 and 4).) stimulation of HIV-1 LTR
However, only very low levels of p65 were detected in
these complexes as indicated by a weak supershift band To determine the contribution of individual NF-kB sub-
units to the stimulation of HIV-1 LTR expression in unin-(Fig. 1A).
Since T cells are not a primary site of HSV-1 infection, fected and HSV-1-infected cells, we used NIH/3T3 cells
which overexpress individual NF-kB proteins (Bitar et al.,we determined whether HSV-1 infection induces a differ-
ent set of NF-kB binding proteins in fibroblast cells. 1995). These cells were transfected with the HIV-1 LTR
CAT plasmid and the levels of CAT activity were deter-Mouse NIH/3T3 cells (pMV-7 clone) were infected with
HSV-1 for 8 hr and nuclear and cytoplasmic extracts pre- mined at 48 hr after transfection and compared to CAT
levels in the parental NIH/3T3 cells (Fig. 4A). The levelspared from infected cells and uninfected controls were
analyzed by mobility shift assay. In the uninfected con- of constitutive LTR-driven CAT activity were 5- to 10-fold
higher in cell lines overexpressing p52, p65, or p100trols, the NF-kB-specific binding was detected in both
cytoplasmic and nuclear extracts and the major NF-kB proteins compared to basal levels in parental cell lines
while the basal level was suppressed in cells overex-complex was composed of p50 homodimers (data not
shown). The slowly migrating NF-kB complex appeared pressing p105 and IkBa. Overexpression of p65 resulted
in the strongest stimulation of basal level HIV-1 LTR activ-in the nucleus upon HSV-1 infection (Fig. 1B). Antibody
supershift analysis indicated the presence of p50, p65, ity (10-fold).
When these cell lines were infected with HSV-1, up-p52 and c-rel in these complexes. These results indicate
that HSV-1 infection increased the levels of p50, p52, and regulation of HIV-1 LTR expression was observed in all
cell lines, although the relative level of inducibility variedc-rel binding in both T cells and fibroblast cells, while
the increase in the binding of p65 was higher in fibroblast dramatically depending on the coexpressed NF-kB sub-
unit. In the parental NIH/3T3 cells CAT activity was in-cells than in T cells. The formation of NF-kB complexes
was specific and could be prevented in the presence of creased about 10-fold by HSV-1 infection. HSV-1 infection
increased HIV-1 LTR expression 6-fold in p52-expressinga 25-fold excess of the unlabeled probe.
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FIG. 1. HSV-1 induced activation of NF-kB in Jurkat and NIH/3T3 cells. (A) Cellular extracts prepared from Jurkat cells infected with HSV-1 for 16
hr were incubated with the NF-kB (HIV-1 LTR) probe in the presence and absence of NF-kB subunit-specific antisera. The resulting complexes
were resolved on a 5% nondenaturing polyacrylamide gel and analyzed by autoradiography. In lanes 3 and 4 c-rel antibodies recognizing either an
internal peptide or the c-terminus of c-rel were used, respectively. The arrow points to the p65 antibody supershift complex which is visible on the
original autoradiogram. (B) Cellular extracts were prepared from NIH/3T3/pMV-7 cells infected with HSV-1 at 8 hr postinfection and were analyzed
as described above. (C) Competition of complexes formed between the NF-kB probe and nuclear extracts used in B with 25-fold excess unlabeled
probe.
cells relative to basal level activity. HSV-1 infection in- and the HSV-1 infection increased CAT activity only by
4- and 2-fold, respectively. In contrast, basal levels ofcreased CAT activity 15-fold in c-rel-expressing cells
when compared to basal CAT levels. In p100- and p65- CAT activity were very low in cells overexpressing p105
or IkBg and HSV-1 infection increased CAT levels onlyexpressing cells basal levels of CAT activity were higher
by 2-fold. These data indicate that these two factors in-
hibit both the constitutive and the inducible transcrip-
tional activity of the HIV-1 LTR.
To exclude the possibility that the observed differ-
ences in the ability of individual NF-kB proteins to stimu-
late HIV-1 LTR expression reflected quantitative differ-
ences in NF-kB protein expression in these cell lines,
the analysis was repeated using transient transfection
assays in NIH/3T3 cells. The HIV-1 LTR CAT reporter
plasmid was cotransfected with plasmids overex-
pressing individual NF-kB subunits into NIH/3T3 cells
and the levels of CAT activity were analyzed before and
after HSV-1 infection (Fig. 4B). The results of the transientFIG. 2. HSV-1 enhanced levels of p50 but not p65 mRNA in Jurkat
cells. Total RNA was isolated from HSV-1 infected Jurkat cells at the transfections generally paralleled those obtained with
indicated times. Fifteen micrograms of RNA was analyzed by Northern the overexpressing cell lines but the HSV-1-mediated
hybridization with either p50- or p65-specific DNA probes. Hybridization increase in CAT activity was not as significant.
to g-actin probes was used as a control for RNA levels present on the
Expression of different NF-kB heterodimers significantlyfilters (not shown). Relative levels of p50 or p65 were quantitated by
phosphorimager and normalized to standard levels of g-actin mRNA. modulated CAT activity (Fig. 4B). The coexpression of c-
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of HIV-1 LTR CAT and PRDIICAT plasmids was compara-
ble and suggest that in cells overexpressing various NF-
kB subunits induction of LBP-1 (Vlach and Pitha, 1992)
does not play a major role in the HSV-1-mediated stimula-
tion of HIV-1 LTR CAT.
Effect of HIV-1 infection on the formation of NF-kB-
specific complexes in cells overexpressing various
NF-kB proteins
We have shown that the constitutive expression of
various NF-kB proteins can either up-regulate or down-
regulate HSV-1-mediated induction of HIV-1 LTR CAT
plasmid. To determine whether the differential stimula-
tion of transcriptional activation of HIV-1 LTR CAT plas-
mid in HSV-1-infected cells correlates with the alteration
in NF-kB-specific DNA binding, NF-kB-specific binding
was analyzed in nuclear extracts from HSV-1-infected
cells overexpressing various NF-kB proteins (Fig. 5A). A
single DNA–protein complex was detected in nuclear
extracts from cells overexpressing p52; the formation of
this complex was inhibited in the presence of an unla-
beled probe. As determined by the specific antibodies,
FIG. 3. HSV-1 induces degradation of IkBa. (A) NIH/3T3/pMV-7 cells
this complex represents either p52 or p50 homodimerwere infected with HSV-1 and at the indicated times cells were col-
(complex 1). HSV-1 infection resulted in the formation oflected and lysed. Proteins (10 mg) were separated by SDS–PAGE and
transferred to nitrocellulose membranes and IkBa was detected with a new complex of slower mobility (complex II), which we
antiserum by Western hybridization. (B) Relative levels of IkBa present assume represents the p65/p50 and p65/p52 heterodi-
after HSV-1 infection were quantitated by laser densitometry and nor- mers as determined by reaction with specific antibodies.
malized by comparing with the level of uninfected control.
(The supershift with p65 antibodies used was very weak,
similar to that seen in Fig. 1A.) Thus, the enhancement
of the transcriptional activity in these cells can be relatedrel and p65 increased CAT levels by about 15-fold and
HSV-1 infection did not significantly increase these levels. to the formation of p50(p52)–p65 complexes.
In the cells which overexpressed p105, the precursorThe p50 and p65 cotransfection stimulated basal levels of
the HIV-1 LTR CAT activity by about 4-fold and a further of p50, we detected a protein complex binding to the NF-
kB probe that consisted of p50 and p52 homodimers.increase (4-fold) was observed after HSV-1 infection. The
cotransfection of c-rel and p50 heterodimers increased Infection with HSV-1, however, greatly enhanced the nu-
clear NF-kB binding activity and four complexes couldCAT activity by 5-fold and no further increase was observed
after HSV-1 infection. Thus, changes in the intracellular be detected. Using specific antibodies, we found a large
variety of NF-kB heterodimers present in these super-concentrations of different NF-kB subunits dynamically al-
tered the expression of the HIV-1 LTR and its respon- shifted complexes such as p50/c-rel (complex III), p50/
p65 heterodimers (complex II), and p50 homodimerssiveness to HSV-1 induction. Our previous work suggested
a cooperative effect between NF-kB and HLP-1 (a factor (complex I) (data not shown). The origin of the fast moving
complex IV is not clear, but we assume that it representswhich binds to the LBP-1 element) (Vlach and Pitha, 1992).
To exclude the possibility that the interaction between NF- proteolytic cleavage of NF-kB proteins induced by HSV-
1 infection. Formation of each of these complexes couldkB proteins and HLP-1 is contributing to the observed
transcriptional stimulation of the HIV-1 LTR by HSV-1, tran- be inhibited in the presence of a cold probe (Fig. 5B).
Thus, the inability of HSV-1 to induce the expressionsient transfection experiments were performed using the
PRDIICAT reporter which contains the NF-kB site (from of HIV-1 LTR in cells overexpressing p105 was not a
consequence of the absence of NF-kB-specific bindingthe IFNb promoter) but no LBP-1 site. As shown in Fig.
4C, this construct was not expressed constitutively in trans- in the nucleus but rather by its enhancement. This indi-
cates that some of the complexes formed function asfected cells and no stimulation of expression was observed
after cotransfection with p50-expressing plasmid. In con- suppressors of HIV-1 LTR transcription (Figs. 5A and 5B).
In contrast, in cells overexpressing p65 or c-rel (Fig.trast, cotransfection with p65 or p65 and p50 increased
CAT levels by 5- and 20-fold, respectively, and further stim- 6A), there was an increase in NF-kB-specific binding
activity in the nucleus which correlated with increasedulation was observed after HSV-1 infection (about 4-fold).
These data indicate that the HSV-1-mediated stimulation levels of transcription of the HIV-1 LTR CAT plasmid. In
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increase in the formation of p50/p65 (complex II) and
another slow moving complex III, presumably p65/c-rel
heterodimers. Formation of complex IV was again signifi-
cantly enhanced in HSV-1-infected cells. Formation of all
of these complexes was inhibited in the presence of the
cold probe, while the fast moving complex (F) detected
both before and after HSV-1 infection was not eliminated
by incubation with unlabeled probe and is assumed to
be nonspecific.
In c-rel-expressing cells, two DNA–protein complexes
(I and II) corresponding to p50 homodimer and p50/c-rel
heterodimer were detected. HSV-1 infection led to an
increase in nuclear NF-kB-specific binding and to an
increase in the levels of p50/p65 and p50/c-rel hetero-
dimers. However, when nuclear extracts from HSV-1-in-
fected cells were analyzed the bands were always dif-
fuse and formation of a DNA–protein complex that signif-
icantly moved faster than the p50/p50 homodimer
(complex IV) was detected in all cell lines but the one
overexpressing p52. We assume that HSV-1 infection
causes a partial protein degradation which results in
both the diffused appearance of the bands and the forma-
tion of a new fast moving complex.
DISCUSSION
We have previously shown that HSV-1 infection of T
cells stimulates the formation of NF-kB-specific com-
plexes in the nucleus. In this study, we analyzed the
members of the NF-kB family binding to the NF-kB bind-
ing sites of HIV-1 LTR in cells infected with HSV-1 which
are presumably responsible for the NF-kB-mediated acti-
vation of HIV-1 LTR. The involvement of NF-kB activation
in HSV-1-mediated transcriptional stimulation of HIV-1
LTR and HIV-1 provirus has been identified as one of the
mechanisms by which HSV-1 can up-regulate expression
of the integrated, poorly expressed HIV-1 provirus
FIG. 4. Activation of HIV-1 LTR CAT by overexpressed kB proteins (Mosca et al., 1987a). It was also shown that the insertion
in the presence and absence of HSV-1 infection. (A) NIH/3T3 cell lines of the NF-kB enhancer element from HIV-1 LTR in front of
overexpressing the individual kB proteins were transfected with HIV- a minimal promoter confers inducibility in HSV-1-infected1 LTR CAT plasmid and infected with HSV-1 24 hr later. Cells were
cells, indicating that NF-kB will act as a virus-specificharvested 16 hr after infection and assayed for CAT activity. (B) NIH/
enhancer (Vlach and Pitha, 1992). Furthermore, mutation3T3 cells were cotransfected with HIV-1 LTR CAT plasmid (5 mg) and
the plasmids (5 mg) overexpressing individual NF-kB proteins; infection in the NF-kB enhancer that resulted in the loss of its
with HSV-1 was done 24 hr after transfection. (C) Jurkat cells were ability to bind NF-kB proteins significantly impaired the
cotransfected with PRDIICAT (5 mg) and plasmids overexpressing p50, inducibility of HIV-1 LTR in HSV-1-infected cells (Moscap65 or p50, and p65 (5 mg). Cells were infected with HSV-1 24 hr after
et al., 1987b). It has been shown that different NF-kBtransfection and harvested 16 hr after infection and assayed for CAT
binding sites can be recognized by different combina-activity. The percentage of conversion represents the average value of
three independent experiments. tions of NF-kB homo- and heterodimers (Kunsch et al.,
1992). By using antibodies directed against specific NF-
kB proteins, we have shown that NF-kB-specific DNA –
protein complexes in the nuclei of HSV-1-infected cellsuninfected, p65-expressing cells, both p50 homodimers
(complex I) and p50/p65 (complex II) heterodimers could consist of p50/p65 heterodimers and c-rel. Furthermore,
functional studies revealed that transcription of the HIV-be detected, which correlates with the observation of
an enhanced constitutive expression of HIV-1 LTR CAT 1 LTR could be most effectively transactivated by overex-
pression of Rel A (p65). The greatest stimulation by HSV-plasmid in these cells. Infection with HSV-1 led to a de-
crease in the p50 homodimer binding and a significant 1 was observed in cells overexpressing p52, p100, and
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FIG. 5. Mobility shift analysis with nuclear extracts from cell lines overexpressing p52 and p105 in the presence and absence of HSV-1 infection.
(A) Cell lines overexpressing p52 and p105 were infected with HSV-1 and nuclear extracts were isolated at 16 hr postinfection. Mobility shift analysis
were done as described in the legend to Fig. 1. Extracts from uninfected cells were analyzed for comparison. (B) Nuclear extracts from HSV-1
infected cells were incubated with the radioactive NF-kB probe in the presence of 25-fold excess of unlabeled probe.
c-rel. However, with the transient transfection assay, the walik et al., 1993). Also, both cytomegalovirus infection
and Sendai virus infection were found to induce the deg-most significant transactivation of HIV-1 LTR was
achieved by overexpression of c-rel/p65 heterodimers, radation of IkBa (Kowalik et al., 1993; Garafoulis et al.,
1994). Since the degradation of IkBa is associated withwhile the c-rel/p50 and p50/p65 heterodimers were less
efficient. In contrast, HSV-1-mediated stimulation of HIV- phosphorylation and proteolytic cleavage, these results
indicate that virus-induced signal transduction pathways1 LTR was most effective when p50 and p65 were trans-
fected. These results indicate that the level of p65 is a lead to a stimulation of kinase activity. The role of double-
stranded RNA-dependent protein kinase, PKR, in thelimiting factor in HSV-1-mediated activation and that the
p65/c-rel and p50/p65 heterodimers participate in the phosphorylation of IkB was recently demonstrated
(Maran et al., 1994; Kumar et al., 1994). Whether PKR isactivation of the HIV-1 LTR in HSV-1-infected cells. The
activation of p50/p65 binding in HSV-1-infected cells was also induced in cells infected with herpes viruses re-
mains unknown. Recently, binding of kinase activity iden-accompanied by an increase in the levels of p50 mRNA,
while the relative levels of p65 mRNA remained constant. tified as casein kinase II (ckII) to IkBa was demonstrated
in Jurkat T cells. This kinase was able to phosphorylateIn contrast, CMV infection was reported to enhance the
relative levels of both p50 and p65 mRNAs (Kowalik et IkBa in vitro, suggesting that ckII may play a role in IkBa
phosphorylation in vivo (Barroga et al., 1995; Lin et al.,al., 1993). HSV-1 infection also resulted in decreased
levels of IkBa protein, which was practically undetect- 1996).
Our data strongly indicate that in addition to the p50–able at 8 hr postinfection when the binding of p50/p65
heterodimer could be detected in the nucleus. Induction p65 complex, the p65/c-rel heterodimer is responsible
for the NF-kB-dependent induction of HIV-1 LTR in HSV-of nuclear p50/p65 heterodimer in fibroblast cells in-
fected with cytomegalovirus and Sendai virus that bind 1-infected cells. In the transient transfection assay, the
c-rel/p65 heterodimer was the most effective stimulatorto the NF-kB binding site from the promoter of the major
histocompatability complex or NF-kB site (PRDII) domain of the HIV-1 LTR and only a small enhancement was
observed upon HSV-1 infection. The c-rel/p65 heterodi-present in the IFNB promoter was shown previously
(Thanos and Maniatis 1995; Garoufalis et al., 1994; Ko- mers were also shown to be induced by lipopolysaccha-
AID VY 8158 / 6a1f$$$523 09-03-96 19:45:42 vira AP: Virology
221HSV-1-INDUCED NF-kB REGULATES HIV-1 LTR
FIG. 6. Mobility shift analysis of kB proteins from HSV-1 infected cells overexpressing c-rel and p65. (A) The nuclear extracts were prepared from
HSV-1 infected and uninfected cell lines overexpressing c-rel and p65; the extracts were analyzed as described in the legend to Fig. 5. (B) Competition
of the complex formation with the unlabeled probe.
ride treatment of monocytes and bind to NF-kB sites in repressor to down-regulate PRDII domain in the IFNB
gene promoter (Bitar et al., 1995).tissue factor and IL-8 gene promoter (Oeth et al., 1994).
Expression of c-rel was also shown to transactivate IL- Cellular levels of NFKB1 (p105) and NFKB2 (p100) and
their proteolytic processing provide an additional mecha-2Ra enhancer (Tan et al., 1992). Since we observed a
significant enhancement of HIV-1 LTR transcription in nism of NF-kB regulation (Rice et al., 1992; Mercurio et
al., 1993). Our results indicate that constitutive overex-the HSV-1-infected c-rel-expressing cells, but not in the
uninfected cells, we conclude that the transcriptional ac- pression of NFKB2 (p100) synergizes with HSV-1-medi-
ated induction of HIV-1 LTR, while the overexpression oftivation is mediated by the c-rel/p65 heterodimers rather
than by the c-rel homodimers. NFKB1 (p105) and IkBg inhibited effectively the HSV-1-
mediated induction of HIV-1 LTR. Since overexpressionIn vivo activation of HIV-1 provirus by HSV-1 will be
dependent on the ability of these two viruses to establish of p50 has not led to a significant enhancement of HSV-
1-mediated stimulation, these data may suggest that indual infection. It is, therefore, likely that this situation will
occur with much higher frequencies in macrophages or the presence of the p50 homodimer stimulation of HIV-
1 LTR transcription by HSV-1 is not very effective.epithelial cells that can be readily infected by both HIV-
1 and HSV-1 than in T cells which are not natural host At present, it is not clear which of the HSV-1-encoded
proteins are responsible for the stimulation of NF-kBfor HSV-1 in vivo. However, the NF-kB-mediated trans-
activation is the result of a complex interplay between binding. The fact that it occurs relatively late in the HSV-
1 replication cycle (6–8 hr postinfection) and the fact thatdifferent members of the NF-kB family, where the ability
to form homo- and heterodimers may have both stimula- the inhibition of viral replication by acyclovir results in a
significant decrease in nuclear NF-kB binding (Vlach andtory and inhibitory effects. The p50 homodimer is proba-
bly responsible for the low expression of HIV-1-LTR in Pitha, 1993) indicate that neither binding of HSV-1 to cell
membranes nor expression of HSV-1 immediate-earlyuninduced cells such as that observed in the stimulation
of basal level expression of the histocompatability gene and early genes is sufficient to induce the increase in
nuclear NF-kB complexes. This points to the role of theH2kb (Ip et al., 1993). Interestingly, the p50 homodimer
was also shown to inhibit the transcriptional activity of late HSV-1 gene products in NF-kB activation. The role
of HSV-1-encoded kinase in this process was eliminatedthe IL-2 promoter (Kang et al., 1992) and may act as a
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